Background. Type 1 reactions (T1R) affect a considerable proportion of patients with leprosy. In those with T1R, the host immune response pathologically overcompensates for the actual infectious threat, resulting in nerve damage and permanent disability. Based on the results of a genome-wide association study of leprosy per se, we investigated the TNFSF15 chromosomal region for a possible contribution to susceptibility to T1R.
Leprosy is an infectious disease with a demonstrated strong contribution of host genetic factors to susceptibility. Employing candidate gene (eg, TNF, TLR1, and IL10) and positional cloning approaches (PARK2/ PACRG, LTA, HLA-C, and genes in region 10p12-p13) susceptibility genes for leprosy per se have been identified and validated across multiple populations [1] [2] [3] [4] [5] [6] [7] [8] [9] . A genome-wide association study (GWAS) in a Chinese population identified single-nucleotide polymorphisms (SNPs) located in the vicinity of 6 genes (NOD2, HLA-DR, CCDC122-LACC1, RIPK2, and TNFSF15) in association with leprosy per se (P < 10 −7 ) [10, 11] . Interestingly, 4 of the 6 genes implicated in leprosy susceptibility are validated Crohn disease susceptibility genes, suggesting mechanistic similarities in the pathogenesis of leprosy and Crohn disease [12] .
In a previous study, we replicated HLA-DR, CCDC122-LACC1, RIPK2, and NOD2 as leprosy susceptibility genes, but we and others failed to replicate the locus at TNFSF15 [13, 14] . However, we noted that more than 85% of the Chinese patients with leprosy in the discovery sample of the GWAS presented with disability. Type 1 reactions (T1R) are the most frequent type of leprosy reaction and present as the major cause of permanent disability; they are characterized by exacerbated cell-mediated immune responses, leading to painful inflammation, and, if untreated, irreversible peripheral nerve damage [15] . Critically, T1R can occur during the chronic phase of leprosy or even after microbiological cure of the disease, pointing to a host immune process that is dissociated from the actual pathogenic threat.
Given that T1R contribute to disability in leprosy and that we have been unable to detect an association between TNFSF15 and leprosy per se, we wondered whether// TNFSF15 was a T1R susceptibility gene [13] . In the present study, we analyzed the TNFSF15 chromosomal region for the presence of T1R risk factors and found that the SNP rs6478108 located in TNFSF15 was strongly associated with T1R but not with leprosy in the absence of T1R. Furthermore, this SNP in TNFSF15 was part of a bin of highly correlated SNPs that extended to the proximity of the neighboring TNFSF8 gene. Fine mapping of the TNFSF15-TNFSF8 SNP bins identified a large number of SNPs significantly associated with T1R. However, the only SNPs that could be replicated in a second sample of Brazilian T1R patients with T1R were overlapping the TNFSF8 gene. The SNPs associated with T1R but not T1R-free leprosy have been reported elsewhere as expression quantitative trait loci (eQTLs) for TNFSF8 in monocytes and nontransformed peripheral blood cells [16, 17] , suggesting that regulatory variants in TNFSF8 contribute to the risk of T1R in leprosy.
METHODS

Subjects and Study Design
The study was conducted according to the principles expressed in the declaration of Helsinki. Written informed consent was obtained for all adult subjects participating in the study. All minors assented to the study, and a parent or guardian provided the informed consent on their behalf. The study was approved by the regulatory authorities and ethics committees of the participating centers.
For the current study we enrolled a total of 1768 subjects from Vietnam and Brazil. The Vietnamese sample was family based, and the 2 Brazilian samples were from populationbased case-control designs (Figure 1) . Analysis of the linkage disequilibrium (LD) pattern in the studied chromosomal interval showed near identity for Brazilian samples (Supplementary Figure 1A and 1B) , so the 2 case-control samples were combined into a single group of case patients and controls.
The Vietnamese sample consisted of 356 leprosy-affected offspring belonging to 327 nuclear families with no history of leprosy reactions other than T1R, selected from the records available at the Dermato Venerology Hospital, Ho Chi Minh City, Vietnam, as described elsewhere [13] . Of the 327 families, 216 belonged to the T1R subset (208 simplex and 8 multiplex families with 2 T1R-affected siblings). The T1R-free subset included the remaining 111 families (93 simplex and 18 multiplex families, of which 16 had 2 leprosy-affected siblings, 2 had 3, and 2 had 4; Figure 1 ). The validation samples included 347 leprosy-affected subjects with no history of leprosy reactions other than T1R, assembled from the records of the Reference Center for Diagnosis and Treatment, Goiânia, and 411 leprosy-affected subjects recruited in the Jardim Guanabara Health center, Rondonópolis ( Figure 1 ). Both enrollment centers are located in central-western Brazil, and the samples have been described elsewhere [2, 18] . The Brazilian and Vietnamese patients with leprosy were recruited and followed up for ≥3 years to evaluate T1R outcomes. The risk of T1R is dependent on leprosy subtype and age at onset of leprosy. To avoid confounding of results by these nongenetic risk factors, T1R-free patients with leprosy were used as controls at proportions that approximated the subtype distribution in the T1R-affected patients (Table 1) .
Genotyping
In the Vietnamese sample, 4 SNPs associated with leprosy per se in the Chinese GWAS sample plus 36 tag SNPs targeting a 220-kb region spanning TNFSF15-TNFSF8 were genotyped as part of a larger effort using the high-throughput Illumina platform. After quality control filtering, 5 of the 40 SNPs were noninformative and 1 deviated from Hardy-Weinberg equilibrium (HWE; P < .05). For the fine mapping of TNFSF8-TNFSF15 SNP bins associated with T1R in the discovery sample, 76 SNPs were selected and genotyped on the high-throughput SE-QUENOM MassARRAY platform. We selected SNPs that in the discovery phase had P values of <.01 for association with T1R and the 4 TNFSF15 SNPs associated with leprosy in the Chinese GWAS [10] . We also selected known eQTLs located in the studied region [16] . This set of markers was genotyped in the Vietnamese and the 2 Brazilian samples. Of the 76 markers selected, 11 failed to be genotyped, 7 had a minor allele frequency (MAF) <0.02, and 2 had a call rate <95% in ≥1 of the studied samples (Supplementary Table 1) . Deviation from HWE was tested in 357 leprosy-unaffected parents from the Vietnam T1R subset and 384 T1R-free patients with leprosy from Brazil.
Statistical Analyses
In the Vietnamese sample, evidence of association for SNP alleles was compared between T1R-affected and T1R-free families with an approximately matched proportion of leprosy clinical subtype. By contrasting evidence of association for the T1R-affected and T1R-free families, we were able to estimate the genetic heterogeneity. Only those associations that were found to be significant in the T1R-affected families with significant evidence of heterogeneity, compared with the T1R-free families, were considered to represent T1R risk factors. In the Brazilian samples, T1R-free patients with leprosy were considered controls and T1R-affected patients were considered case patients in a standard population based case-control association study following the same matching strategy for leprosy subtypes applied in the family-based sample.
The MAF, HWE, and LD were estimated (using Haploview software; version 4.2) in 357 leprosy-unaffected parents for the discovery sample and in 384 T1R-free patients with leprosy for the validation sample [19] . The family-based association tests for individual SNPs were performed with the transmission disequilibrium test for additive dominant and recessive genetic models, as implemented in FBAT (family-based association test) software (version 2.0.4) [20] . The smallest P values for the models tested are displayed as the best P value. Genetic heterogeneity between T1R and T1R-free subgroups was tested by means of the FBAT het statistic, as proposed by Gaschignard et al, unpublished data. Briefly, testing for heterogeneity of the allele transmission rates in 2 subgroups can be done in the FBAT framework by simply pooling the 2 subgroups and coding the phenotypes as T1 = 1/V1 for individuals with T1R and T2 = −1/V2 for T1R-free individuals, where V1 and V2 denote the variance of the FBAT statistic for the T1R-affected and T1R-free samples, respectively. In practice, this was achieved by using the offset option "−o" in the FBAT software while coding T1 = 1 and T2 = 0. The -o option calculates an offset (µ) used to transform the phenotypic values in T1 = 1 -µ and T2 = -µ that minimizes the variance of the statistics. Gaschignard and colleagues show that under an additive genetic model this is equivalent to coding T1 = 1/V1 and T2 = −1/V2 (unpublished data).
Conditional logistic regression was performed using SAS software (version 9.3; SAS Institute) to (1) estimate the odds ratio (OR) for the Vietnamese family sample using the untransmitted allele as a pseudo control [21] , (2) conduct multivariate analyses of SNPs, and (3) conduct an analysis of the validated SNPs in the combined Vietnamese and Brazilian sample. Analyses stratified by age at onset in the Vietnamese families did detect variability in support of association across age groups, but this effect was not statistically significant. The statistical power for the transmission disequilibrium test analysis was calculated using a genetic power calculator [22] . The case-control analyses were performed by logistic regression for 3 genetic models (additive, dominant, and recessive), adjusting by sex and age at leprosy diagnosis and using Plink software (version 1.07) [23] . For the validation sample, we performed a 1-sided test with the alternative hypothesis that the T1R-risk alleles were enriched in the Brazilian patients with T1R. For the replication study, we performed 1-sided statistical tests using the alternative hypothesis that the risk allele identified in the Vietnamese sample was the allele associated with an increased risk of T1R in the Brazilian sample.
RESULTS
SNP Association Scan of TNFSF15 and TNFSF8 in the Vietnamese Sample
We first genotyped 4 SNPs (rs10982385, rs4574921, rs10114470, and rs6478108) in the Vietnamese sample that had been significantly associated with leprosy per se in Chinese patients. These 4 SNPs are located in the vicinity of the TNFSF15 gene. None of them was associated with T1R-free leprosy, but SNP rs6478108, located in TNFSF15 intron 1, was significantly associated with T1R (P = .0002; OR for recessive G allele, 2.13; 95% confidence interval, 1.45-3.13; G allele frequency [ f ], 0.58) ( Figure 2A ; Table 2 ). Because this SNP had been reported as a cis-eQTL for the neighboring TNFSF8 gene, we selected 36 SNPs in a 220-kb interval extending from TNFSF15 to TNFSF8. Among the 30 SNPs that passed quality control, 9 presented significant evidence for association with T1R (P < .01) ( Figure 2A ; Table 2 ). The most significant association was observed for rs7863183 (P < .0002; OR for additive T allele, 2.08; 95% confidence interval, 1.47-3.03; T allele f, 0.80) ( Figure 2A ; Table 2 ). Although the statistical power to detect an association under the same conditions as for the T1R subset (same genetic model, allele frequency, and risk effect) for rs6478108 and rs7863183 was robust (71% and 80%, respectively), we failed to detect even a trend for association of both SNPs in the T1R-free subset. In fact, none of the 34 SNPs (4 GWAS and 30 selected) displayed strong evidence (ie, P < .01) of association with leprosy in T1R-free patients ( Figure 2B ; Table 2 ). The associations of 10 SNPs with T1R were significantly heterogeneous between T1R-affected and T1R-free patients (P = .001-.02; Table 2 ), supporting their role in T1R but not in leprosy per se. These 10 SNPs could be grouped into 4 r 2 ≥ 0.5 SNP bins (data not shown).
Fine Mapping of TNFSF15 and TNFSF8 SNP Bins in Vietnam
To fine map the pattern of association, we genotyped 76 SNPs in all Vietnamese families (Supplementary Table 1 ). Of the 56 SNPs that passed quality control, 47 were significantly associated (P < .05) and 8 were highly significantly associated (P < .001) with T1R ( Figure 3 ). For the significant SNPs in the T1R subset, the common allele was associated with risk of T1R ( Figure 3) . However, associated alleles were not restricted to a narrow allele frequency interval and extended from 0.54 to 0.89 ( Figure 3) . Assuming a moderate LD (r 2 ≥ 0.5), the 47 SNPs associated with T1R could be grouped into 4 bins, consistent with the initial scan results and the selection criteria used for the fine mapping step ( Figure 3) . Next, we conducted a multivariate analysis including 1 SNP per bin associated with T1R (r 2 = 0.5; rs6478108, rs998410, rs7863183, and rs3181348). This analysis detected a single signal of association with T1R, the TNFSF8 cis- eQTL rs7863183 (P multivariate = .0003), and the remaining SNPs lost significance. The results are largely consistent with the overall LD pattern in the targeted chromosomal interval (data not shown). In addition, haplotype analysis including the T1R-risk alleles of rs6478108, rs998410, rs7863183, and rs3181348 (G-C-T-G, respectively) did not result in stronger association signals with T1R compared with univariate analyses (G-C-T-G f = 0.53 vs A-A-C-A f = 0.08; P = .0002) reinforcing the nonindependence of these markers. Single association signals were also detected with different multivariate strategies.
Validation of SNPs for T1R-Risk Alleles in Brazilian Patients
Because the LD structure in the Brazilians was initially unknown, we decided to genotype the Brazilian samples for the same SNPs used to fine map the TNFSF15-TNFSF8 locus in the Vietnamese families. We replicated (P unilateral < .05) 18 SNPs in the Brazilian samples, all part of the same Vietnamese bin (Figure 3 ). In the Brazilians, 15 SNPs belonged to the same r 2 ≥ 0.8 bin, and the other 3 markers were single-SNP bins (Figure 3 ). All SNPs with significant evidence for association and their corresponding bins mapped to the vicinity of the TNFSF8 gene. Except for the SNPs in the single-SNP bins (rs1322067, rs3181195, and rs1555457), all validated SNPs displayed a switch of MAF from the Vietnamese to the Brazilian sample. Nevertheless, all risk alleles were consistent between Vietnamese and Brazilian patients (Figure 3) . The multivariate analysis of the Brazilian sample included sex, age at leprosy diagnosis, and 1 SNP per bin associated with T1R (r 2 = 0.5; rs3181348, rs1555457, and rs1322067). Consistent with the results obtained in the Vietnamese sample, the best multivariate models in Brazil included 1 SNP, sex, and age. However, the tested SNPs were statistically equivalent. Of note, rs1322067 was found to be a cis-eQTL for TNFSF8 in monocytes and whole blood cells, and rs3181348 and rs1555457 are cis-eQTL for TNFSF8 in whole blood cells (Figure 4 ). In the combined Vietnamese and Brazilian sample the 2 strongest effects for the replicated SNPs were observed for rs3181348 (P combined = .001) and rs1555457 (P combined = .0007) (Figure 3 ).
DISCUSSION
Leprosy and T1R offer a prime example of how susceptibility to a pathogen and excessive host responsiveness triggered by the pathogen but unfolding even in its absence can be dissected. The incidence of T1R varies substantially across populations, ranging from 6% to 67% of all patients with leprosy in different leprosy settings [24] . In approximately one-third of cases, T1R diagnosis is coincident with leprosy diagnosis. The vast majority of the remaining T1R cases occur within 2 years after onset of antileprosy drug treatment. The identity of T1R risk factors, the reasons for the pronounced population variability in incidence, and the cause of variable time to onset are unknown. Studies of patients undergoing acute T1R observed high serum levels of T-helper (Th) 1 type-associated cytokines, including interferon γ, tumor necrosis factor, CXCL10, and interleukin 6 [25] [26] [27] . However, none of these cytokines displayed constitutive serum levels that are risk factors for T1R in patients with leprosy. Recent transcriptomics studies using a prospective design have shown a strong impact of constitutive host genetic factors for risk of T1R [24] . Here, we describe TNFSF8 regulatory variants as genetic risk factors for T1R but not for leprosy per se and provide an example for the distinct genetic control of susceptibility to infectious disease and excessive host responsiveness triggered by the causative pathogen; T1R are unlikely to be a confounder for other described leprosy risk factors because none of the published SNPs associated with leprosy per se showed significant evidence for association with T1R in our sample. Albeit the LD pattern of associated SNPs in the Vietnamese sample was complex, multivariate analyses detected only a single signal strongly arguing against the independent contribution of TNFSF8 and TNFSF15 to T1R risk. Although it was impossible to assign the genetic effect to either TNFSF15 or TNFSF8 in the Vietnamese sample, the association results in the Brazilian sample implicated only TNFSF8 in T1R. Nevertheless, the strength of the P values for association in the Brazilian sample was weaker than in the Vietnamese discovery sample. Several factors acting independently or jointly may underlie the weaker association in Brazilian patients. First, a substantial drop in the T1R-risk allele frequencies in the Brazilian population reduced effective sample size and weakened power to detect an association under the same genetic model used in the Vietnam sample. Given this very substantial change in allele frequencies, it is interesting that the same risk alleles were detected in both ethnic groups. Second, the diagnostic criteria may have varied slightly between Vietnam and Brazil. Although we made every effort to apply uniform diagnostic criteria, it is important to realize that there are no objective physiological assays for T1R, and we cannot rule out small deviations in case identification across enrollment sites [28] .
The question remains whether we missed SNPs that are T1R risk factors in the Brazilian sample. A brief survey of the CEU, YRI, and MEX HapMap populations argues against this possibility, because >80% of all SNPs in LD (r 2 = 0.5) with the Vietnamese tag SNPs in these 3 populations had been tested in the Brazilian sample. Nevertheless, considering the large epidemiological, geographic, and ethnic differences between the Vietnamese and Brazilian samples, our results support an important role of TNFSF8 in the pathogenesis of T1R. The reason why the TNFSF15 SNPs were initially detected as risk factors for leprosy per se is not known. However, it is well known that associations in large samples can be traced to subsets of the overall sample. Hence, the most parsimonious explanation is that the proportion of patients with T1R in the GWAS discovery sample was large enough to yield a significant result for the overall sample. Of the SNPs investigated 47 had previously been shown to be eQTLs for TNFSF8 (Figure 4 ). Of the initial 56 SNPs, genotypes of 19 SNPs had been reported to correlate with TNFSF8 expression levels in monocytes and 43 SNPs were eQTLs for TNFSF8 in a meta-analysis of untransformed peripheral blood cells (Figure 4) . Interestingly, all 18 SNPs validated in the Brazilian sample were among the eQTLs for TNFSF8, and 6 SNPs had been reported by 2 independent studies in different cell types and multiple cohorts (Figure 4) . The high number of eQTLs for TNFSF8 in the studied interval may reflect the highly correlated nature of the SNP alleles. However, a proportion of the correlated SNPs may represent genomic variations with independent gene regulatory function. For example, SNP rs1322067 is located under a peak of a H3K27ac site (Supplementary Figure 2A) . Acetylation of K27 at histone H3 promotes opening of chromatin and enhanced regulatory activity. Equally interesting, for the variant rs3181348 the ancestral A allele is highly conserved across 30 eutherian mammals (Supplementary Figure 2B) . The rs3181348 G T1R-risk allele is a CpG methylation site according to ENCODE data (Supplementary Figure 2B) . Methylation of CpG sites in promoter regions favors gene silencing, whereas Figure 4 . Abundance of expression quantitative trait loci (eQTLs) for TNFSF8 among single-nucleotide polymorphisms (SNPs) validated as risk factors for type 1 reactions (T1R). Chromosomal position is indicated on the left side of the graph. Gray and black arrows indicate the physical location and transcriptional orientation of TNFSF8 and TNFSF15, respectively. Physical locations of 56 tested SNPs are indicated by short horizontal bars linked to the rs SNP identifiers. SNPs validated for the association with T1R (P < .05) in the Brazilian sample are identified with an x. SNP bins in the HapMap CEU sample are shown because the eQTL mappings had been conducted in this ethnic group. SNPs belonging to the same bin are linked and grouped by colors. SNPs identified as cis-expression quantitative trait loci (cis-eQTL) for TNFSF8 in circulating monocytes obtained from German subjects [16] and nontransformed peripheral blood cells obtained from 7 European cohorts [17] are indicated in the last 2 columns. Abbreviation: LD, linkage disequilibrium. the absence of methylation promotes the gene expression. In addition, markers rs1322054 and rs12337739 locate to the region of a series of transcription factor binding sites and may modulate binding of key transcriptional regulators (Supplementary Figure 2C ). The most significant SNP in Vietnam, rs7863183 T allele, is an important element in the binding motif of Hic1, and the T allele, which promotes binding, was a risk factor for T1R (Supplementary Figure 2D) . Hence, these variants could potentially affect TNSFS8 gene expression.
The TNFSF8 gene is a member of the tumor necrosis factor superfamily and encodes a surface antigen expressed in a subpopulation of T and B cells [29] . Functionally, TNFSF8 (aliases CD30L or CD153) fits the pathological characteristics of T1R. In humans, TNFSF8 has been shown to affect the balance between Th1 and Th2 cells [30] , and T1R occur almost exclusively in borderline leprosy subtypes, which are characterized by an unstable Th1-Th2 response [31] . Moreover, our results indicated a possible role for neutrophils in the pathogenesis of T1R because the T1R-risk alleles of SNPs rs2295800, rs1555457, and rs3181348 are associated with elevated neutrophil counts [32] . Findings of other studies suggested that increased neutrophil counts may favor the emergence of a pathogenic proinflammatory loop of chemoattraction mediated by CCL20, CCL2, CXCL10 , and CXCL8 [33] . CCL20 and CCL2 were part of a T1R signature gene expression set observed in patients destined to undergo T1R [24] , whereas CXCL10 is overexpressed in patients with acute T1R [26, 34] . Neutrophils have also emerged as a key component in tuberculosis pathogenesis [35] . Hence, the identification of TNFSF8 as global T1R risk factor adds further evidence of the importance of neutrophils in human inflammatory diseases.
In summary, our data show that SNPs in the TNFSF15-TNFSF8 locus previously associated with leprosy per se are in fact T1R risk factors. Key associated SNPs are eQTLs for TNFSF8, directly implicating this gene in T1R. Similarly, results of a replication study in Brazilian patients implicated only TNFSF8 in T1R risk. These results indicate that TNFSF8 is a T1R susceptibility gene in 2 geographically and ethnically distinct populations. Future research will need to address whether TNFSF8 is a specific mediator of mycobacterial-triggered excessive host responses or functions as general controller of inflammatory responses.
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